A protocol for increasing transcription from plasmid expression vectors is presented. A vector containing chloramphenicol acetyltransferase (CAT) gene was digested leaving the transcription cassette intact. Heat inactivation of restriction enzymes followed by ligation of the digestion products yielded concatemers which migrated as a single band in agarose gel electrophoresis. Mouse fibroblasts transfected with the concatemers gave a CAT activity that was 14-fold greater than that of cells transfected with a similar mass (equimolar gene number) of the native plasmid. The effect was independent of promoter type, restriction enzyme, number of restriction sites and with a noted exception, cell line.
Plasmid expression vectors are used extensively in molecular biology for a broad range of purposes. The reliable expression of cloned genes has made the complex process of eucaryotic transcription amenable to detailed study proving indispensable for determining the roles played by initiator and regulatory elements (1) . In general, strong expression from a vector is a desirable trait and a number of strategies exist to improve expression levels: site directed mutagenesis of upstream activation sequences may lead to increased expression (2) , upstream insertion of tandem repeats of promoters improve expression from cloned genes (3). Expression levels are also a function of promoter type, cell line and transfection efficiency (4) . In an earlier study (5), we discovered that concatemer plasmids generated by ligating NspI digests of plasmid expression vectors had increased transcriptional activity. Here we expand on those results to show that the findings are robust, highly reproducible, independent of restriction site number, restriction enzyme, promoter and cell line and may be used as a general method for increasing transcription levels in plasmid expression vectors up to 14-fold.
Our expression vector (pKC-CAT) is a 3871 base pair (bp) plasmid (Fig. 1) . The transcription cassette occupies 997 bp and comprises a polyomavirus late promoter, chloramphenicol acetyltransferase (CAT) gene and SV40 polyadenylation signal. We digested the plasmid with NspI which yielded two fragments (1930 and 1941 bp respectively), one of which contained the intact transcription cassette. Heat inactivation of the restriction enzyme followed by ligation of the fragments at high concentration of DNA (≥1 µg/µl) lead to concatemerization of DNA. Ethidium bromidestained agarose gel electrophoresis showed the concatemers migrating as a single broad, slow-moving band indicating sizes well in excess of the largest band (12 kb) in the l kb size markers from Gibco BRL (Fig. 2) . It is not known whether the products formed were linear or circular. Electron micrographs made in an earlier study show that the DNA of the concatemers resembled electron dense 'tangles of shoe-laces' instead of the more usual diffuse pattern associated with native plasmid DNA. Using the method of Chen and Okayama (8) , which uses a BES based 2× buffer rather than the conventional HEPES based one, calcium phosphate-mediated transfections of 10 µg concatemers into 100 mm plates of 30-50% confluent NIH 3T3 cells were carried out. CAT activity was assayed 48 h later by a phase extraction method (6) . CAT activity was 14-fold higher than that achieved using a control (similar mass of the native plasmid; equimolar with respect to gene number; Fig. 3 ). In an earlier study (5) we used slot blot analysis of total DNA extracts of calcium phosphate transfected cells to show that copy number of the gene was the same for cells transfected with either the concatemer or the native plasmid. This indicated that enhanced expression was not due to different transfection efficiencies. Differences in hybridization efficiency of the two forms of DNA were also ruled out (5). We were able to reproduce the effect using concatemers generated from fragments made with a different restriction enzyme (BsaI; has a unique site outside the transcription cassette), when using a different promoter (pSV2CAT is a CAT expression vector containing an SV40 promoter and may be digested at a unique site outside the transcription cassette by the restriction enzyme ApaI) when using a cell line of non-fibroblast origin (Hu H7 is a human hepatoma cell line established from a hepatocellular carcinoma; ref. 9; Fig. 3 ). When NcoI, which has a unique restriction site inside the transcription cassette was used to generate fragments, the concatemers showed a 50% loss of activity (Fig. 3) . We conclude that even when the restriction site lies in the transcription cassette, 50% of the linear fragments generated will re-ligate in the right context. The loss of activity was even greater (∼95%) when EcoRI was used (data not shown). The latter has three restriction sites, one of which lies in the transcription cassette, making it unlikely for the three fragments generated to religate into the right context. Exhaustive medline searches reveal no precedent for the size of DNA material we have used in our transfections other than our own previous study (5) . However, there are many reports concerning the fate of transfected exogenous DNA in eucaryotic cells by microinjection (10) (11) (12) and by calcium phosphate precipitation (13, 14) , in which concatemerization have been reported. When DNA was later extracted from the transfected cells and examined by Southern blot, multiple banding patterns were seen indicating that the transfected plasmid now existed in higher molecular weight forms. In one instance, 80 copies of tandem repeats of a plasmid was reported (12) . When plasmids reach the nucleus, it appears they are cut and spliced into high molecular weight concatemers. It is possible that the high expression seen in this study is due to our manipulations obviating the need for the cell to perform what might otherwise be an energetically expensive or inefficient, but necessary processing procedure.
The effect is not seen with Cos cells (data not shown). The latter express large T-antigen which is intimately involved with DNA replication. Presumably, replication of the native plasmid in the control transfected cells gives rise to a lot of new copies of the expression vector, which could mask any increase in transcription which the concatemer may have had.
The manipulations described here are technically amenable to bulk production. Large scale digests (0.3 mg DNA) maybe carried out in a few hours. Heat inactivation of most restriction enzymes takes only 15 min at 65_C. The products may then be added to a ligation reaction without further clean-up. Typically the ligation reaction was allowed to run overnight. Successful concatemerization could be anticipated by the viscous nature of the reaction mixture at the end of the ligation period. Often the reaction mixture was viscous within 10 min of reaction initiation. This technique should prove most useful for cell lines such as primary cell lines, human foreskin fibroblasts, CHO DUKX BII (7) that are resistant to normal calcium phosphate transfection procedures. The concatemers could also be used in co-transfection studies where increased expression from a transactivator gene would be desirable.
